Abstract On February 12, 2013 the Democratic People's Republic of Korea (DPRK) carried out an announced nuclear test, which was the third after tests conducted in 2006 and 2009. An important task in discriminating a man-made explosion and a natural tectonic earthquake is the analysis of seismic waveforms. To determine the isotropic and non-isotropic characteristics of the detonation source, I invert longperiod seismic data for the full seismic moment tensor to match the observed seismic signals by synthetic waveforms based on a 3D Earth model. Here, I show that the inversion of long-period seismic data of the 2013 test reveals a clear explosive (isotropic) component combined with a significant release of shear energy by the double-couple part of the moment tensor. While the isotropic part of the nuclear test in 2009 was similar to that in 2013, the double-couple part was lower by a factor of 0.55 compared to the explosion in 2013. Moreover, the ratio of the isotropic seismic moments of the 2013 and 2009 nuclear tests is 1.4±0.1 and lower than published estimations of the yield ratio, which indicates the importance of considering the release of shear energy. The determined orientation of the doublecouple fault plane is parallel to the dominating geologic fault structures NNE-SSW to NE-SW, but the calculated normal faulting mechanism does not correspond to the general tectonic strike-slip regime. Thus, explanations for the enhanced release of shear energy might be induced dip-slip motion pre-stressed by the previous test or near source damaging effects due to a changed containment of the nuclear explosion.
Introduction
According to the United States Geological Survey (USGS), the announced nuclear test on February 12, 2013 (NK2013) occurred at 02:57:51 UTC in the northeastern part of North Korea (41.308°N/129.076°E) with a magnitude of m b 5.1. The previous two tests on May 25, 2009 (m b 4.7) and October 9, 2006 (m b 4.3) occurred well within the calculated location error near the nuclear test site (USGS 2013, Fig. 1 ). Zhang and Wen (2013) determined an epicentre 1.9 km north of the USGS location.
A common tool used for the verification of a nuclear test is the analysis of the spatial-temporal radiation pattern of radioisotopes (Fontaine et al. 2004) . After the first DPRK nuclear test in 2006 (NK2006), xenon isotopes were detected at mobile and permanent noble gas stations. Backward atmospheric transport models were used to link anomalous Xe-133 concentrations to the nuclear test (Becker et al. 2010) . However, for the nuclear test in 2009 (NK2009) as well as for the first weeks after the recent one, no noble gases or radionuclides were detected (Park et al. 2011; Thomson Reuters 2013) . Later, on April 7, 2013, Xe-isotopes were detected at the radionuclide station in Takasaki, Japan (CTBTO 2013) , which might be seen as a release due to an opening of the contained area. Since the relatively high magnitude is unlikely to be the result of conventional explosives, a planned or accidental containment of the source that could have prevented the emission of noble gases is discussed (Clery 2009) .
Besides the open questions regarding the containment, an important task is the evaluation of the explosive part of the seismic source mechanism, i.e. the quantification of the isotropic component of the source radiation in contrast to the non-isotropic release of shear energy. To verify the occurrence of a man-made nuclear test conclusively, it is essential to identify the seismic event on February 12, 2013 as an explosion in order to discriminate it from a tectonic event. In this study, I apply the Frequency Sensitive Moment Tensor Inversion (FMTI, Barth et al. 2007 ) on regional waveform data to determine the source mechanism of the North Korean event. The inversion of NK2013 nuclear test results in a highly isotropic source with a moment magnitude of M W 4.3 and a considerable amount of released shear energy.
Seismic waveform data
The explosive character of a seismic source can be identified by using both short-and long-period seismic signals. Figure 2 shows the raw vertical short-period signal of seismic stations within a source-receiver distance of 12°. The waveforms show a high signal-tonoise ratio, and the typical impulsive first arriving P g wave supports the explosive character of the event qualitatively. The time delay of the first arrivals with increasing epicentral distance is clearly discernible. The arrival of long-period Rayleigh surface-waves can be seen at stations MDJ and BJT after 100 and 300 s, respectively.
Short-period waveform data (commonly with frequencies above 1 Hz) are used to determine the ratio of compressional to shear energy radiated by evaluating Fig. 1 Topographic map of Korea and adjacent areas showing the location of the DPRK nuclear test site (red star). Triangles indicate permanent seismic stations used in this study the P g /L g ratio. For an explosion, the P g /L g ratio is expected to be significantly higher than for a tectonic event, as the compressional nature of an explosion ideally does not radiate shear energy. Recent studies analysed those kinds of data for the previous two nuclear tests in North Korea (NK2006 and NK2009) and determined an explosive character (Kim and Richards 2007; Zhao et al. 2008; Shin et al. 2010; Hong 2013; Ford et al. 2009; Ford et al. 2012) .
For the analysis of the February 12, 2013 nuclear test (NK2013), I use long-period waveform data (T=20 to 75 s) from 12 seismometers with sourcereceiver distances of up to 2,100 km and a good azimuthal distribution relative to the seismic source. The stations are part of the Global Seismograph Network (GSN), the New China Digital Seismic Network and the Japan Meteorological Agency Seismic Network. These data were provided via the SeismiQuery system by the IRIS data centre (Washington, USA). Figure 3 shows long-period signals of the NK2006, NK2009 and NK2013 at the nearest station (MDJ, China), which is located 372 km north of the nuclear test site. The radially and vertically polarised Rayleighwaves are clearly visible on both the vertical Z and the radial North-South (NS) component of the seismometer and show a similar shape for all events, indicating a similar source mechanism. Love-waves (containing shear energy) are prominent on the East-West (EW) component for NK2009 (Ford et al. 2009 ) and NK2013. The Love-wave signal of NK2006 is covered by the seismic noise. In addition, a strong difference between the amplitude ratio of NS to EW component of NK2013 and NK2009 is visible. Since station MDJ is situated almost directly north of the test site, Rayleigh-waves can be seen on the NS component, while Love-waves dominate on the EW component of the seismometer. The much higher Rayleigh-to Love-waves amplitude ratio in 2013 compared to 2009 points to an additional non-explosive release of shear energy of the later nuclear test. This feature is most prominent for station MDJ, but also visible for other seismic stations (compare paragraph on results).
Waveform inversion
Seismic waves are radiated by seismic sources and modified along their travel path through the Earth's structure. Thus, the analysis of a seismic source is reliant on the detailed knowledge of the Earth's structure and vice versa (Sílený 2004 ). Long-period seismic waveform data (long wavelengths) are affected by the largescale structure of the earth. The global knowledge of these structures makes it possible to calculate synthetic long-period waveforms. This allows the determination of an explosive character of a complex seismic source, which deviates from an ideal explosion, by using the whole waveform signal.
The moment tensor is a second order tensor that describes the complete seismic source as a point source mathematically. Moment tensor inversion is a standard tool for the determination of earthquake source mechanisms on different scales by minimising the misfit between observed and synthetic waveforms calculated generally for a 1D Earth model (e.g. PREM by Dziewonski and Anderson, 1981) . This method strongly depends on an adequate Earth model, since the seismic source and Earth structure shape the waveform in equal parts. Here, I apply the Frequency Sensitive Moment Tensor Inversion (FMTI, Barth et al. 2007 ) based on a 3D Earth model on long-period waveform data to calculate travel path effects accurately. Synthetic waveforms are calculated using the Spectral-Element Method (Komatitsch and Vilotte 1998) . The SpectralElement Method introduces the full complexity of the 3D Earth, which includes: lateral variations in compressional wave speed, shear wave speed (e.g., Dreger and Woods 2002) and density in the mantle (Ritsema et al. 1999) , a 3D crustal model (Bassin et al. 2000) , anisotropy, ellipticity, surface topography and bathymetry, as well as the effects of the oceans, rotation and selfgravitation . A detailed description of the 3D Earth model used can be found in .
The FMTI performs the moment tensor inversion using a varying frequency pass-band for the seismic waveforms to find the optimum frequency range where synthetic waveforms best fit observed data with time shifts between the two allowed for optimisation (Barth et al. 2007 ). The global 3D Earth model includes major heterogeneities in the range of 100 km and greater and allows the inversion of waveforms with periods larger than 20 s (with wavelengths of around 100 km). In addition to this short-period limit, usable waveform data are also limited for long-period waves, since low magnitude seismic sources provide amplitudes higher than the seismic noise level only at waves of rather short periods of about 50 s. Thus, especially for weak seismic events, which are recorded in regional distances up to 3,000 km, the FMTI makes it possible to find waveparts individually that contain enough information to invert for the seismic source (Barth and Wenzel 2010) . Applying a sufficient Earth model and the optimum frequency pass-band, the explosive component as well as the moment magnitude M W of the seismic source can be determined reliably.
Moment tensor inversions have been used before to analyse explosive sources typically for 1D earth models (e.g. Woods 2002, Shin et al. 2010) . Figure 4 compares synthetic waveforms calculated for a pure isotropic (explosive) source for a 1D and 3D global Earth model. This example shows that the long-period waveforms (here periods of 32 to 43 s are shown) calculated for the 1D PREM model (Dziewonski and Anderson, 1981 ) and the 3D model compiled by result in identical shapes for the first arriving wave-package. Looking at later arrivals (after 200 s), the heterogeneous 3D model introduces refracted and reflected waveforms that were not existent in the 1D calculations. Calculating waveforms for periods down to 20 s results even in stronger differences of the waveform shape. After Gilbert and Dziewonski (1975) , the elements of the symmetric seismic moment tensor M are given as:
with the seismic moment:
To determine the explosive part of a seismic source, the seismic moment tensor M has to be decomposed in its isotropic M I and deviatoric M dev part (Jost and Hermann 1989; Knopoff and Randall 1970) :
with the eigenvectors |λ 1 |≥|λ 2 |≥|λ 3 |. Then, the isotropic seismic moment can be determined by
and hence the isotropic part of the full moment tensor is given by
Then, the deviatoric moment tensor consists of a double-couple (DC) and a compensated linear vector dipole (CLVD) part. The latter is given by
The double-couple mechanism describes the simplest and most common tectonic earthquake source model that is a pure slip on an arbitrarily oriented fault plane. More complex sources contain higher CLVD and isotropic parts. It is well known that moment tensor elements are strongly coupled, especially for earthquakes with shallow hypocentres. For non-isotropic sources, this may lead to similar waveforms for a pure doublecouple source and the general deviatoric moment tensor (Henry et al. 2002; Bukchin et al. 2010) . In case of the inversion for the full moment tensor M, a strong coupling of the CLVD and isotropic parts is apparent (Kanamori and Given 1981; Kawakatsu 1996) . Thus, to study the explosive character of the man-made, shallow North Korean nuclear tests, I evaluate the well constrained pure double-couple part, that is
with DC, CLVD and ISO ranging from 0 to 1 (or from 0 to 100 when given in percent).
Results
The FMTI evaluates the source mechanism and seismic moment for a sliding 8-mHz-wide frequency band between 12 and 46 mHz and a shallow source with a hypocentral depth of 1 km. NK2013 that DC is considerably lower for NK2009 than for NK2013 regarding frequency pass-bands above a central frequency of 23 mHz. To achieve stable and comparable inversion results of both events, frequency pass-bands with a resulting data variance ε<0.5 are chosen (Barth et al. 2007 ):
with observed waveforms x 0 and synthetic waveforms x s . This variance level is reached for frequency passbands above a central frequency of 24 mHz, which corresponds to a pass-band from 20 to 28 mHz (Fig. 5 ). Higher data variances at lower frequencies are due to a worse signal-to-noise ratio. For NK2009, DC varies between 20 and 40 %, whereas for NK2013 it is between 44 and 58 %, indicating a higher release of shear energy for the latter. Because of its low signal-tonoise ratio, DC calculated for NK2006 varies strongly and will not be interpreted. Enhancing the frequency pass-band for the final moment tensor inversion from 20 mHz to higher frequencies results in better data fits (lower variances) with an optimum at the upper limit of 36 mHz. Using the limits of this best fitting frequency pass-band from 20 to 36 mHz, both resulting source mechanisms show a good agreement between observed and synthetic data with variances ε around 0.4 (Fig. 6) . Time shifts for the adapted waveforms are small and change only slightly between the two events. The elements of the full moment tensor are given in Table 1 .
The strong signal at the end of the transverse component T of station BJT in 2013 (Fig. 6b) results from a tectonic M W 4.5 earthquake in Xizang/China (3,171 km distance to the North Korean test site) that occurred on February 12, 2013, 02:55:14 UTC just 2:37 min before the nuclear explosion. On other seismometer components, the earthquake signal is cutoff or not visible due to its lower amplitudes. The signal at the very beginning of the vertical component Z of station SSE is due to long-period seismic noise and does not result from the Xizang earthquake. Thus, those earthquake signals could not obscure the long-period signals of NK2013 and were not able to influence the DC determination of this third nuclear test of North Korea.
Isotropic parts are high and range between 50 and 52 % for both events (Fig. 6) . Also, the source mechanism of the double couple part is similar for both nuclear tests with normal faulting mechanisms striking NNE-SSW to NE-SW. All transverse components for NK2013 show equal or larger amplitudes compared to the ones from NK2009 (stations MDJ, MAY, TAT, XAN, BJT, HIA). These high amplitude shear waves are the reason for the higher DC of NK2013. DC for NK2009 and NK2013 is 27.3 and 49.7 %, respectively, and confirm the results of the frequency dependent analysis (Fig. 5) . Accordingly, DC of NK2009 is lower than in NK2013 by a factor of 0.55.
The determination of the seismic moment tensor and the different scalar moments depends on an accurate earth model and sufficient signal-to-noise ratio (SNR) of the inverted data. To analyse the influence of seismic noise on the determination of DC, I use forward calculated synthetic waveforms of a pure explosion for the 3D Earth model (Fig. 4) and add random white noise with different maximum amplitudes. The resulting waveforms are inverted for the 20 to 36 mHz frequency pass-band and DC is calculated. Figure 7 shows averaged DC values and standard deviations that result from Even for a SNR of three the average DC is below 25 %, showing that low amplitude seismic noise has only a minor influence on the inversion result. The deconvolution of the seismic moment tensor allows the separation of the isotropic seismic moment M I (Eq. 4). Patton and Taylor (2011) discussed how the isotropic moment tensor M I might be related to yield. They suggested that the observed isotropic moment (resulting from the measurement of volume change in the cavity) also incorporates effects of cavity formation and material damage, which may introduce radiation of shear energy. I use the FMTI to analyse the variability of the seismic moment of NK2013 and NK2009. Figure 8 shows the full seismic moment M 0 and the isotropic moment M I within the best fitting frequency pass-band between 20 to 36 mHz using 8-mHz-wide pass-bands. A general trend shows increasing moments for the inversion of higher frequencies, indicating a higher energy release. In contrast to M 0,2013 , the trend for M 0,2009 shows a clear decrease of moment at a central frequency of 25 mHz that corresponds well with a decrease of DC (Fig. 8) . However, the isotropic moments M I,2013 and M I,2009 are quite stable and only increasing slightly with frequency. Over the frequency range shown in Fig. 8 , the ratio of M I,2013 and M I,2009 can be determined to 1.4 ±0.1, which gives an indication for a higher yield of NK2013 compared to NK2009. However, high frequency amplitude ratios of the two nuclear tests indicate a factor of 2.5 (BGR 2013, compare Fig. 3 ). Zhang and Wen (2013) estimated a yield ratio of 1.7±1.9 based on L g -magnitudes and burial depths of 430 and 610 m, respectively. These results show the strong influence of radiated shear energy on the seismic moment M 0 and thus on the moment magnitude. Therefore, estimating the yield of a nuclear test should always consider the non-isotropic part of the seismic moment tensor.
To analyse the reliability of the source mechanism and the obtained high DC for NK2013, I apply a jackknife test. For this purpose, the FMTI is performed excluding pairs of seismic stations as well as single ones for separate inversion runs (Fig. 9) . In addition to the number of 12 recording stations, 66 different combinations of station pairs are possible. Accordingly, 78 inversion runs are performed in total. This statistical test shows stable NE-SW striking normal faulting source mechanisms for all sub-data sets of NK2013 and DC varying between 32 and 55 % with an average of 45.4 %. This shows that the high DC-content of NK2013 does not depend on single stations, but results for all realisations in values DC>27.3 %, which was determined for NK2009. Variances ε for the jackknife test vary between 0.30 and 0.47, which is in the order of the value for the inversion including all station data.
Additionally, I use these station combinations to analyse the stability of DC in dependance of the frequency pass-band. Figure 10 shows the DC ratio of the of NK2009 and NK2013 averaged over all station combinations. Regarding variances ε<0.5, the ratio varies between 0.43 and 0.92, with standard deviations of around 0.15 and an average value of 0.60 that confirms the value of 0.55 obtained for the whole dataset inverted for the best fitting frequency pass-band.
Discussion
The existence of shear energy radiated by nuclear explosions was observed previously (e.g. Stevens and Baker 2009 ) and cannot be explained by mapping seismic noise into the source mechanism (Fig. 7) . Especially well-contained underground explosions, which are thought to have a high coupling to the surrounding material, might radiate shear waves due to block (Baker et al. 2010) . Block motion movements on pre-existing faults allow discrete (near-) vertical displacements along existing joints and faults (Heuzé et al. 1991) . In contrast to tectonic triggering, they might occur due to a prestressing of the affected volume possibly by previous nuclear explosions (Patton 1991) . Small explosions in water-filled cavities may also radiate shear waves without any damage of material (Baker et al. 2010) . In this case, the generation of those waves occurs near the explosion source; probably due to oscillations of an asymmetrical-shaped cavity. Patton and Taylor (2011) found that a non-isotropic radiation pattern for longperiod waves might be a contribution from material damage in the source medium. Observed normal faulting mechanisms might be a consequence of slapdown of spalled layers.
The latest two North Korean nuclear tests in 2009 and 2013 occurred in close vicinity and were probably well contained (and therefore coupled to the surrounding material), since both of them did not show any significant release of radioisotopes. Nevertheless, this study shows that only the nuclear explosion in 2013 did release a major part of shear energy, while, corresponding to the results of (Shin et al. 2010 ), NK2009 did not. Moreover, the obtained strike of the potential Fig. 9 . Annotations correspond to the mid-frequency of each pass-band fault planes of the shear energy release for both tests correlates well with the observed orientation of fault systems in the region, which are dominantly NE-SW to NNE-SSW (Şengör and Natal'in 1996) . However, the regional stress regime is rather strike-slip with orientations of the maximum horizontal stress around 70°to 74°East in eastern China as well as in South Korea (Barth and Wenzel 2010; Rhie and Kim 2010 ) and up to 90°East in NE South Korea (Park et al. 2007; Jin and Park 2006) and is not consistent with the normal faulting mechanism observed for both nuclear tests. West of this strike-slip regime, a region of normal faulting is apparent in the Yellow Sea, and this is interpreted as a collision belt between the North and South China blocks . Another local anomaly is present offshore of eastern South Korea, where a reverse faulting structure is adjoining, suggesting reverse activation ). Anyhow, a pure tectonic triggering, which would reflect both regime and fault orientation, can be ruled out. This is supported by the fact that only NK2013 and not NK2009 released a considerable amount of shear energy, as would be expected by a tectonic release according to (Patton 1991) .
Conclusion
In this study, I showed that the isotropic and nonisotropic double-couple part of the seismic radiation pattern of the North Korean nuclear test in 2009 and 2013 can be determined using 12 regional seismometer stations with distances up to 2,100 km. I used the Frequency Sensitive Moment Tensor Inversion (FMTI) to obtain the best fitting frequency pass-band of 20 to 36 mHz (periods 28 to 50 s). While both tests show a strong isotropic (explosive) component of around 50 %, the part of double-couple radiation (i.e. release of shear energy) was significantly higher in 2013 (49.7 %) than in 2009 (27.3 %) and also the isotropic seismic moment was increased by a factor of 1.4±0.1. Anyhow, the source mechanism of both nuclear tests are similar normal faulting mechanisms, striking NNE-SSW to NE-SW. Together with the fact that both nuclear tests did not release radioisotopes directly after the explosion and a well contained source can be assumed, at least two principle scenarios might be possible to explain those difference in the source radiation.
On one hand, the enlarged shear wave radiation of the nuclear test in 2013 might be attributed to a dip-slip block motion within an originally tectonic strike-slip regime that was locally pre-stressed by the previous test in 2009. Alternatively, the containment of the nuclear source could have been changed operationally for the nuclear test in 2013 compared to 2009. Thus, in 2013 material damage could have occurred that released the observed shear energy. Geomechanic modelling might give insights into the effects of those scenarios and help to understand the difference of the North Korean nuclear tests in 2009 and 2013. 
